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I. INTRODUCTION
Microdevices, whose characteristic dimensions are typically of the order of one micron, are commonly found in modern industry. Examples include micro-mixers, micro-turbines, micro-cooling systems, micro-heat-exchangers, etc. If we consider air flowing in a microtube with a diameter of one micron, at standard pressure and temperature, the mean free path is of the order of 0.1 µm. 1 In this case, the Knudsen number Kn, equal to the ratio of the mean free path to the diameter of the microtube, is 0.1. Therefore, the gas is in a rarefied regime. Depending on the Knudsen number, the rarefied flow is said to be in the continuous regime if 0 < Kn < 0.01, the slipping regime if 0.01 < Kn < 0.1, the transition regime if 0.1 < Kn < 10, or the free molecular regime if Kn > 10. 2, 3 Of course, the boundary values of Kn which are given to distinguish the different regimes are clearly asymptotic. As an example, in the papers, [4] [5] [6] the separation value between the continuum regime and the slipping regime is Kn approximately equal to 0.001.
There have been numerous works published on the subject of gaseous flows in microchannels or microtubes. The first papers on such flows were published in the field of the Boltzmann equation. 1 More recently, these flows have been extensively studied over the course of the past twenty years, as they are found in Micro-Electro-Mechanical Systems (MEMS). For a simple isothermal or thermal gas, many theoretical results can be obtained by using the Boltzmann equation 1 or kinetic equation models, such as the Bhatnagar, Gross and Krook model (BGK model) 7 or the S model. 8 Using a) Electronic mail: renee.gatignol@upmc.fr. b) Electronic mail: cedric.croizet@upmc.fr the linearized Boltzmann equation, numerical simulations of plane thermal Couette flows have been performed by Ohwada et al. 9 Sharipov 10,11 focuses on flows driven by small pressure or temperature gradients, through a straight microchannel with a rectangular cross section. Mass flow is analytically calculated using the BGK equation for isothermal flows 10 and using the S model 11 for thermal flows. Using the S model kinetic equation, Titarev 12 constructs an implicit method for calculating rarefied gas flows in a plane microchannel.
Statistical methods such as the Direct Simulation Monte Carlo (DSMC) are useful to study the transition regimes of rarefied gas flows. As is well known in the DSMC methods, the microscopic physics of collisions between molecules and between molecules and walls is statistically described. In the wake of earliest works by Bird, 13 many papers have been published, with improvements and generalizations of the method, and with many applications, particularly to flows in microchannels and microtubes. 2, 3, 14 The lattice Boltzmann methods are also very useful in simulating such flows, especially in the slipping and transition regimes, although as yet, there are few applications to real-world physical problems. [15] [16] [17] [18] [19] [20] DSMC simulations are relevant for describing realistic gas flows in micro-systems, 2,3 but they are costly in terms of computation time. Hence, for a simple isothermal gas flow in a microchannel or microtube, many authors attempted to justify a continuous approach with balance Navier-Stokes equations and slip boundary conditions on the walls. The goal is to justify the slipping flow regime for the greatest possible Knudsen numbers. 2, 21 In the simplest macroscopic modeling, the flow with slip conditions on the walls is steady, isothermal, and one-dimensional, with the velocity parallel to the longitudinal axis. 4, 22 A few analytical results are obtained for the flow through any microchannel, regardless of it cross section, rectangular, or trapezoidal. [23] [24] [25] Still, in terms of a flow in microchannels, there are models deduced from the Navier-Stokes equations where the two velocity components, longitudinal and transversal, are both taken into account, 26 or where the three velocity components are studied. 27 It is clear that experimental studies of gas flows in microchannels or microtubes, although difficult, are absolutely necessary to validate the results derived from asymptotic or numerical models. The experimental results are mainly related to the pressure distribution along the microchannel 28 and the mass flow rate through the channel. 4, 21, 29 Note also that the friction factor relating the friction effects to the Reynolds number in microchannels and microtubes was experimentally investigated. 30, 31 There are fewer papers on the asymptotic modeling of thermal gas flows in two-dimensional microchannels compared to isothermal flows. Temperature and heat-transfer problems are considered by Kuddusi and Ç etegen 25 who use the Navier-Stokes-Fourier equations, by Weng and Chen 32 who consider a vertical flow described by the usual Boussinesq approximation, and by Lockerby and Reeve 5 and Xue et al. 33 who use the Burnett system. However, in these papers, the flow is assumed to be one-dimensional. In the work of Cai et al., 34 the gas flow is two-dimensional, and the thermal problem is studied; therefore, the authors assume that the problem is quasi-isothermal so that the temperature is constant as an initial approximation. Using the regularized 13-moment equations, Taheri et al. 35 proposed an analytical solution for thermal flow in a microchannel. Now, let us look at flows of a thermal mixture of two gases in the absence of chemical reactions and in the context of rarefied gas dynamics. One possible model of the two-gas mixture corresponds to a single gas characterized by average quantities such as the average density and the average velocity and the boundary conditions on the walls defined for that homogeneous medium. 36, 37 However, we can also consider the mixture as the sum of its two components. Thus, it is described by two coupled non-linear Boltzmann equations. 1, 38 However, it is a very complex task to study them. Therefore, model equations have been put forward in the literature. By performing the linearization of the non-linear Boltzmann equations of the two gases, McCormack 39 constructed linear kinetic models for the binary gas mixture. This model has been used to theoretically analyze the flows of gas mixture in a microchannel or a microtube in several papers. [40] [41] [42] The flows due to low pressure and concentration gradients, for a binary mixture through long microchannels with trapezoidal and rectangular cross section, are studied in the Szalmas paper. 40 With the helium-argon mixture, and for pressure-driven flows through long microchannel with rectangular cross section, a comparative study between theoretical and experimental results was carried out. 43 The authors obtained very good consensus on a large range of Knudsen numbers in the transition regime. This bibliography includes numerical works by Takata et al. 44 on the two linearized Boltzmann equations, simulations on complex geometries with the conventional DSMC method, 2 and those performed with modified DSMC method. 41 We add the simulations obtained with the DS2V code 45 for flows of a two gas mixture in a microchannel. 46 From a theoretical point of view, the regularized 17-moment equations modeling the binary mixtures of monatomic inert ideal gases in the recent paper of Gupta et al. 47 should also give interesting results for a flow in a microchannel. In the paper of Rahimi and Struchtrup, 48 a set of regularized partial differential equations is obtained for a binary rarefied polyatomic gas mixture, where two different relaxation times are introduced to take into account the translational and internal energy exchanges. Associated boundary conditions on a wall are proposed. In the particular case of a mixture at rest, the steady heat conduction normal to two parallel plates is studied.
Following the well-known BGK equation for simple gas, 7 Sirovich 49 put forward two generalized BGK equations for the binary mixture of monatomic gases. Both BGK equations are coupled and they possess the main properties of the complete Boltzmann equations regarding the hydrodynamic properties of the medium. Following on from Sirovich's paper, Morse gave precise expressions for eight parameters (six pseudovelocity components and two pseudo-temperatures) included in the model, and he wrote the BGK equations for a binary mixture in a form that is relatively easy to use. 50 These model equations have been used to study the shock tube problem for argon-neon mixture. 51 They have also been the basis of quasigasdynamic macroscopic (QGDM) equations for a gas mixture used in the study of a shock wave structure in a helium-xenon mixture. 52 They are also the basis of the work presented in this paper.
It seems that the flow of a binary gas mixture inside a microchannel has not been studied with these generalized BGK equations. Note also that the heat transfer between the mixture and the microchannel walls must not be neglected in many problems, such as diesel engines and heat exchangers. In this paper, the steady flow of a thermal binary gas mixture in a two-dimensional microchannel is considered. The two walls are at rest and have the same temperature depending only on the longitudinal space variable. The flow of each gas species is described by the usual Navier-Stokes-Fourier balance equations, for mass, momentum, and energy, with additional coupling terms in momentum and energy equations deduced from kinetic BGK models. On the walls, the firstorder slip conditions for the velocities and the jump conditions for the temperatures are written.
In Section II, for each gas, the Navier-Stokes-Fourier balance equations are deduced from the kinetic BGK models for the mixture. In Section III, with the transverse and longitudinal characteristic length scales of the microchannel, a small parameter ε is introduced. Using the assumptions that, for each gas, the Mach number and the Knudsen number are small or of order unity, we construct an asymptotic model with the Mach numbers of order O(ε) and the Knudsen numbers of order O(ε 0 ). This is due to the principle of least degeneracy. 53 The asymptotic approximation at order zero in ε is presented in Section IV. Then, in Section V, the numerical results at order zero in ε are given and discussed, in light of different parameters: the two mass flow rates, the molecular weights of the gases, and the temperature gradient along the walls. Additionally, in Section VI, we compare the first approximation solutions with DSMC simulations. We verify that there is rather good agreement between the asymptotic and DSMC results for the studied cases where the average Knudsen number is between 0.16 and 0.19, and the average Mach number is of order of 0.016.
II. PROBLEM EQUATIONS
Consider a plane microchannel having the length L and the width h. An orthonormal frame (O; x * , y * ) is introduced with the point O at the center of the inlet section (x * = 0) of the microchannel and the x * -axis parallel to the two walls. A mixture of two gas species denoted by a and b, without chemical reactions, is contained inside the channel. Without volumetric force and heat source, the gases flow due to the influence of pressure and concentration gradients and temperature gradients along the walls. As a consequence of the small dimensions of the microchannel, the two gas flows are rarefied. Our purpose is to introduce models to describe the flows of these two gases. Throughout this paper, the asterisk exponent is placed on all dimension quantities (see short nomenclature), except for quantities which are constant, such as the molecular weights m a and m b of the two species. First, we assume that the two species are described by two kinetic BGK-type equations [50] [51] [52] 
where f * a (t * , x * , ξ * ) and f * b (t * , x * , ξ * ) are the velocity distribution functions for species a and b, at time t * and point x * and where the molecule velocity is denoted by ξ * . In Eqs. (1) and (2), ν * a and ν * ,
where k is the Boltzmann constant and r θ = k/m θ . Note that u * a and u * b are the barycentric velocity of the mixture. 50, 52 Additionally, each gas species is an ideal gas with constant massic heat capacities c pθ and c θ ;
, where γ θ = c pθ /c θ . In this paper, only cases where the gases a and b are monatomic are considered. That is to say γ θ = 5/3, c θ = (3/2)r θ , and c pθ = (5/2)r θ . This assumption is taken into account in expressions (5) and (6) for T * a and T * b . Expressions (5) and (6) are equal to the expressions given by Morse 50 and by Elizarova et al. 52 The definitions of the macroscopic quantities of the gas species θ according to the distribution function f * θ are well known. 1, 38 To clarify the notations, let us recap a number of formulae ,
where ω θ is the viscosity index and α θ the variable soft sphere (VSS) parameter. 46, 54, 55 
where ψ * ab and ψ * ba must be modeled. As previously stated, the collision frequency between the molecules a and b is equal to the collision frequency between the molecules b and a, i.e.,
. Consequently, the following relation must be verified:
In her thesis, 55 Reyhanian introduced the following model for (19) is not satisfied. Here, we set
, and we propose (this choice will be discussed in Section V A)
III. ASYMPTOTIC MODEL EQUATIONS
From now on, the steady flows of both gases inside the plane microchannel are considered. All the unknown functions u * θ , * θ , ρ * θ , p * θ , and T * θ are assumed to be dependent only on the spatial variables x * and y * . The goal is to discuss the order of magnitude of the different terms present in the equations. First, Eqs. (12) and (13) are written in dimensionless form, and to do so, characteristic values are introduced. The chosen characteristic scales for the longitudinal and transverse lengths, the longitudinal and transverse velocities, the pressures, the temperatures, the volumetric masses, the shear viscosities, the expansion viscosities, and the thermal conductivities are, respectively, L, h, U c , V c , P c , and T c (for the two species and the walls), ρ θc (with the ideal gas law P c = r θ ρ θc T c ), µ θc , λ θc , and κ θc (with the Prandtl number Pr θ equal to (c pθ µ θc )/κ θc ). The dimensionless quantities are
Here, we list all dimensionless numbers that will appear in the dimensionless balance equations,namely, the small parameter ε, the heat capacity ratio γ θ , the Mach number M θ , the Knudsen number Kn θ , and the Reynolds number
Due to the geometry of the microchannel, we assume ε 1. As a result of the principle of least degeneracy, 53 we must keep the two terms in balance equations for mass. So V c = εU c . Now, the dimensionless equations deduced from Eqs. (12) and (13) are written as follows:
Hereafter, the right-hand sides of the two Equations (23) and (24) are given in the case of the species a (for the species b, the two indices a and b are exchanged)
with
where ψ * ab = (ψ ab ) c ψ ab and (ψ ab ) c being constant scale that will be specified later, at the end of this section. Remember that expression (15) is correct only for monatomic gases with γ a = γ b = 5/3. The right-hand sideS E a of Eq. (25) is given below
In order to find asymptotic systems, we assume that M θ and Kn θ are small or of order unity. More precisely, we assume
; we assume α − β ≥ 0 corresponding to low or moderate Reynolds numbers which is a reasonable assumption in microsystem flows. From the principle of least degeneracy 53 and taking into account the physics of the problem, we set α = 1 and β = 0 (Appendix B). This case is interesting from the point of view of the physics of the problem. Indeed, in Eq. (23), the term associated with the pressure gradient is kept, as is the coupling term on the right. The pressure gradient corresponds to a driving force for the flow in the microchannel. Note that the terms present in the energy equation are those of order ε −2 . Accordingly, the coupling term is retained. This solution is underlined in the Refs. 55-57 for an isothermal binary gas mixture. It is also introduced in the case of an isothermal single gas in Ref. 26 , and in Cai et al., 34 where it is denoted by case 2A. In the last paper, it is assumed that the inlet pressure is greater than the outlet pressure in order to drive the flow and that the flow temperature experiences small variations. Here, these assumptions are not used: the order of magnitude for the inlet and outlet pressures is P c and for the temperature it is T c . In our problem, P c and T c are chosen so that the dimensionless quantities p θ and T θ are of order unity. This case, α = 1 and β = 0, corresponds to small Mach number and Knudsen number of order unity. We set M θ = ε π/(2γ θ )M θc and Kn θ = Kn θc with the both numbers M θc and Kn θc of order unity. As an initial approximation, we have the following dimensionless equations for the mass, the longitudinal and transversal momentum, and the energy:
with γ θ = 5/3 and with the ideal gas law
by exchanging the two species a and b.
These partial differential equations must be supplemented by boundary conditions. From Eq. (16), with T * (x * ) = T c T (x), and the numbers M θc and Kn θc just defined, the dimensionless boundary conditions, in y = ±1/2, are
Note that Kn θc √ T θ µ θ /p θ corresponds to the local Knudsen number of the gas θ. Now, we need to give analytical expressions for the two quantities ψ ab and ψ ba . The modeling (20) is introduced. With the previous dimensionless variables, we have
where (ψ ab ) c and ψ ab are, respectively, the first and second factor in Eq. (35) . Of course, we can write similar expressions for (ψ ba ) c and ψ ba by exchanging the indices a and b. Finally, it is easy to insert this expression for (ψ ab ) c in the definition (27) of F ab and ψ ab in the coupling termsŜ E a andŜ u a (see (32) and (33)).
IV. FIRST-ORDER SOLUTION
From Eq. (30), the pressures p a and p b depend on x only. First, we are looking for the temperatures T θ (x, y) (θ = a or b) of the two gases. As a consequence of Eq. (17) and of the assumption of a constant Prandtl number of the species θ, µ θ and κ θ depend on T θ only and are both proportional to T ω θ θ . Consequently, from (35) , ψ ab depends on the two temperatures T a and T b only. Now, from (33), we see thatŜ E a is the product of a constant (not depending on x and y) by
As a result, the two equations (31) for θ = a and b are two second-order ordinary differential equations for the two temperatures T a and T b , with respect to the variable y and x being a variable parameter. In conclusion, the coefficients present in these differential equations depend only on constants of the problem, the parameter x, and the two temperatures T a and T b . These equations and the temperature jump boundary conditions (34) on the walls y = ±1/2 are given below in (36) and (37), in which D a , D b , E a , and E b are positive quantities and do not depend on y
Finding analytical solutions is not obvious. Fortunately, there is an evident solution:
If T a and T b take values close to T (x), the linearized system obtained from Equations (36) and (37) admits only the solution
Due to the ideal gas laws, p θ = ρ θ T θ , the volumetric masses ρ θ depend on x only. Consequently, the stress viscosity µ θ depends on T θ only, and therefore, µ θ is a known function of x.
Using the ideal gas law and the expression of ψ ab as given in Eq. (35), the coupling termŜ u a (32) appears as the product of three factors: a positive constant F ab
, and a third unknown factor
The dimensionless balance equations for mass (29) and longitudinal momentum (30) , and the dimensionless longitudinal slip boundary condition (34) can now be written. For species a, we have
For species b, the equations are obtained by exchanging a and b. The two ordinary differential equations for u a and u b are solved as follows:
where
where C 1 , C 2 , C 3 , and C 4 are four integration constants. The physical problem is symmetrical with respect to the x-axis. Consequently, C 2 = C 4 = 0. The two last constants, C 1 and C 3 , are calculated from the boundary conditions (39) written for the species a and b. After calculus, we obtain explicit expressions for C 1 and C 3 (see Appendix D). In order to obtain the pressure of each gas, the local balance mass Equation (38) for the two species are integrated from y = 1/2 to y = +1/2, with the wall boundary condition for the transversal velocities a = b = 0 at y = ±1/2. Then
where Q a and Q b are constants and correspond to the dimensionless mass flow rates of the two species a and b. We substitute the expressions (41) for u a and u b into Eq. (43), and we perform the integration with respect to variable y,
The quantities Υ, C 1 , and C 3 are affine expressions in dp a /dx and dp b /dx (see Eq. (46) and Appendix D). After calculus, we have A aa dp a dx + A ab dp b dx = Q a , B ba dp a dx + B bb dp b dx = Q b . (45) The explicit values of A aa , A ab , B ba , B bb , Q a , and Q b are given in Appendix D. These six quantities depend on the constant parameters which characterize the two gases, on the temperature T (x) of the walls and on the two pressures p a (x) and p b (x). Additionally, the quantity Q a (or Q b ) is an affine function of the dimensionless flow rate Q a (or Q b ), with coefficients depending on the two pressures p a and p b and on known functions of x. We note that the two differential equations (45) are linear with respect to the derivatives dp a (x)/dx and dp b (x)/dx, but they are strongly non-linear with respect to the functions p a (x) and p b (x). Indeed, in A aa , A ab , B ba , and B bb , there are the functions ψ, cosh(ψ/2), and sinh(ψ/2) which are non-linear. For example, from Eqs. (40) and (42), we note that ψ is equal to the product of √ p a p b by a known function depending on x only.
In order to solve Equation (45) for x ∈ [0, 1], we need four conditions p a (0), p b (0), (dp a /dx) (0), and (dp b /dx) (0), for example, or, equivalently, p a (0), p b (0), and the dimensionless flow rates Q a and Q b . Indeed from these four last values, the quantities Q a and Q b are known (see Appendix D) and, consequently, the derivatives dp a /dx(0) and dp b /dx(0) are known by Eq. (45) . Due to the physics of the problem, p a (0), p b (0), Q a , and Q b are four positive quantities. From the theory of ordinary differential equations, there exists a single solution each for p a (x) and p b (x) for positive x and close to x = 0. For our physical problem, this solution should be such that p a (x) and p b (x) are positive on the entire interval [0, 1]. As a result, the function ψ should be always defined and have a positive real value. A theoretical study of system (45) has not yet been carried out. Finally, we note that the solutions of Equation (45) are very sensitive to the initial values p a (0) and p b (0) and to the mass flow rates Q a and Q b . Depending on the values of these quantities, the pressures p a (x) and p b (x) may have very different behaviors. Note also that, with a bad choice for these quantities, there are no real solutions to Equation (45) in the entire range 0 ≤ x ≤ 1.
V. NUMERICAL SOLUTION
In order to make appropriate physical choices for the four quantities p a (0), p b (0), Q a , and Q b , a DSMC simulation has been performed. In a two-dimensional microchannel of length L = 20 µm and height h = 1 µm, we consider the steady flow of two monatomic gases, argon and neon, denoted by a and b, respectively. Additionally, the problem is assumed to be isothermal with T * = 300 K, and the interactions between the molecules are described using the variable soft sphere (VSS) model. 54 The physical characteristics m θ , d θ , ω θ , α θ , and µ 54 They are recalled in Table I .
The DSMC simulation results will be given in Section VI. Here, only the orders of magnitude of some quantities are given. For the gas pressures at the microchannel inlet, we take p * a in = 35 000 Pa and p * b in = 15 000 Pa, and at the microchannel outlet, we take p * a out = 28 000 Pa and p * b out = 12 000 Pa. For the mixture mean speed and for the gas mass Table I . The microchannel's geometry is L = 20 µm, h = 1 µm, and ε = 0.05. The characteristic stress viscosity values are the viscosities µ * θ (300 K) calculated with formula (17). Additionally, we set σ θP = 1 and σ θT = 1.1. 37 Calculations with MATLAB using a variable step Runge-Kutta method of fourth order are performed to determine the pressures p θ (x) 
selected values, the profiles for the two pressures are monotonically increasing or decreasing along the x axis ( Fig. 1(a) ).
For a fixed value of x, when Q b increases from 0.40 to 0.80, the pressure p a (x) increases and the pressure p b (x) decreases ( Fig. 1(a) ). For the sake of brevity, the results for the concentration are not presented here, but they are similar to those for pressures: when x increases, the concentration c a (x) increases and the concentration c b (x) decreases. Of course, c a (x) + c b (x) = 1.
In Fig. 1(b When x increases, the magnitude of the velocity u a (x, y) increases ( Fig. 2(a) ). The maximum magnitude in y = 0 rises from 0.54 to 0.96. Note also that the slipping velocity u a (x, ±0.5) on the walls increases with x from 0.35 to 0.73. The velocity profiles of the gas with the lowest concentration are close to each other (Fig. 2(b) ). It is worthy to note that the maximum magnitude of (1) are not more than 0.5% and 0.6%, respectively. We can consider that these relative errors are small.
B. Isothermal flow of different binary gas mixtures
In Figs. 3 and 4 , different pairs of monatomic gases are considered: gas a is argon (Ar) and gas b is helium (He), neon (Ne), argon (Ar), krypton (Kr), or xenon (Xe). The initial values for the pressures are taken to be equal to p a (0) = p b (0) = 2.5 and the mass flow rates equal to Q a = Q b = 0.80. It should be noted that the molecular mass increases from helium gas to xenon gas (Table I) . For a fixed value of x, when the molecular mass increases from He to Xe, the pressure p a increases and the pressure p b decreases ( Fig. 3(a) ). For all pairs, the pressure p b (x) decreases along the x-axis when the variable x increases. Except for the pairs (Ar-Xe) and (Ar-Kr), the pressure p a (x) also decreases with the variable x (Fig. 3(a) ). Of course, for Ar-Ar mixture, we have p a (x) = p b (x); this common value decreases with the x-coordinate.
The physical characteristics of the gases are different and lead to different behaviors. For a given binary gas and for a fixed value of x, we note that the pressure of the gas with the higher molecular mass is smaller than that of the gas with the smaller molecular mass (Fig. 3(a) ): p Ar (x) < p He (x), p Ar (x) < p Ne (x), p Ar (x) > p Kr (x), and p Ar (x) > p Xe (x). In a collision between two molecules with different molecular masses, the lighter molecule has a larger change in its speed than the heavier molecule; this increases its momentum and, therefore, the pressure. Now, let us look at the results for the concentrations c a (x) and c b (x) (Fig. 3(b) ). For a fixed value of x, when the molecular mass increases from He to Xe, the concentration c a (x) increases and the concentration c b (x) decreases. Of course, for the mixture Ar-Ar, c a (x) = c b (x) = 0.5. Along the xaxis, when the variable x is increasing, the concentration c a (x) (respectively, c b (x)) is monotonically increasing (respectively decreasing) for the mixtures Ar-Xe and Ar-Kr and is monotonically decreasing (respectively increasing) for the mixtures Ar-Ne and Ar-He. The concentration of the gas with the larger molecular mass is decreasing whereas that of the gas with the lower molecular mass is increasing. This property holds for all binary mixtures of two gases taken among the five selected monoatomic gases.
For the velocities u a (x, 0) and u b (x, 0), the analysis of the results is a little more complicated (Figs. 4(a) and 4(b) ). Near the microchannel exit, when the molecular mass of species b increases (from He to Xe), u a (1, 0) is decreasing (Fig. 4(a) ) and u b (1, 0) is increasing (Fig. 4(b) ). However near the microchannel entrance, the velocity u a (0, 0) has no uniform behavior (Fig. 4(a) ). For a given binary mixture and for a fixed value of y, we can verify that, in the middle section of the channel, the velocity of the gas with the higher molecular mass is higher than that of the gas with the smaller molecular mass. That is, u Ar > u He , u Ar > u Ne , u Ar < u Kr , and u Ar < u Xe at the point (x = 0.5, y), i.e., in the entire interval −0.5 ≤ y ≤ 0.5. Of course, the same inequalities are taking place for the velocity maxima u a (0.5, 0) and u b (0.5, 0) and also for the slip velocities on the walls u a (0.5, ±0.5) and u b (0.5, ±0.5). This is physically reasonable.
C. Non-isothermal flow of a mixture of two gases-Argon and neon
Let us consider the previous geometry for the microchannel and the two gases, argon (a) and neon (b). Here, we impose the same temperature T * (x * ) = T c T (x) along the two channel walls. Solving Equation (45) In case I, the pressure evolution along the x-axis is shown ( Fig. 5(a) ). For the values of dT /dx between 0.2 and 0.2, the two pressures p a (x) and p b (x) are monotonically decreasing with x. One can also observe that, with dT /dx = 0.4, the pressure p b (x) has a non-monotonic behavior, and with dT /dx = 0.4, it is the pressure p a (x) which has a non-monotonic behavior. For a fixed value of x, when dT /dx increases, we observe that the pressure p a (x) decreases and the pressure p b (x) increases. An increase of temperature on the walls decreases the pressure p a (x) of argon, which has the highest molecular mass, and increases the pressure p b (x) of neon, which has the smallest molecular mass. In other words, due to the boundary conditions In case II, similar results are obtained with the same temperature gradients along the walls (Fig. 5(b) ). The pressure in gas a, which has the greater initial pressure, is monotonically decreasing, except when dT /dx = 0.4, while the pressure in gas b is monotonically decreasing if dT /dx = 0.4 or 0.2 and is monotonically increasing for the two values dT /dx = 0.4 or 0.2 and is a non-monotonic function for dT /dx = 0 (Fig. 5(b) ). As previously described, when dT /dx increases, for a fixed value of x, the pressure p a (x) decreases and the pressure p b (x) increases. As in case I, the two velocities u a (x, y) and u b (x, y) were calculated. As previously described, in the cross section in the middle of the channel, when the temperature gradient increases, on the one hand, the velocity maximum u a (0.5, 0) and the slip velocity u a (0.5, ±0.5) of gas a increase, while on the other hand, the velocity maximum u b (0.5, 0) and the slip velocity u b (0.5, ±0.5) of gas b decrease.
One last comment concerns the total pressure p(x) = p a (x) + p b (x) and the mixture velocity u(x) = (m a u a (x) + m b u b (x))/(m a + m b ). In Fig. 6 , they are shown in the case I. For a fixed value of x, the increase of the gas temperature leads to the increase of the pressure p(x) (Fig. 6(a) ). The two functions p 1 (x) and p 2 (x) associated with (dT /dx) 1 < (dT /dx) 2 are such that p 1 (x) < p 2 (x). This result seems to be physically correct. Whatever be the value of dT /dx greater than x-axis (Fig. 6(b) ). Finally, it should be noted that u(0, 0) decreases with dT / dx, while u(1, 0) increases. The velocity profiles u(x) along the x-axis intersect (Fig. 6(b) ). In the second study (case II), the results are very similar.
As a remark, let us assume that the flows in the microchannel are such that dp a (x)/dx = dp b (x)/dx = 0. From (41) , and the expressions of the constants C 1 and C 3 given in Appendix D, we have
It is easy to calculate these velocities with the data of the two cases I and II; the results are, respectively, u a (x, ±0.5) 
VI. COMPARISON BETWEEN ASYMPTOTIC MODEL SOLUTION AND DSMC SIMULATION
In this section, the aim is to compare, for a flow in a microchannel, the results given by the DSMC simulation and by the asymptotic model. Argon (gas a) and neon (gas b) are considered. Of course, the physical characteristics of the two gases are given in Table I and are used both in DSMC simulations and in asymptotic models. The DS2V code of Bird 45 is used in its two dimensional steady version. The microchannel has length L = 20 µm and width h = 1 µm and is located between an inlet chamber and an outlet chamber, as in the Ref. 14. The axes (O, x * , y * ) are specified at the beginning of Section II. The walls are at rest and they have the same temperature: T * (x * ). Additionally, diffuse boundary conditions are assumed with full accommodation to the wall temperature. At the simulation beginning, the gas mixture is at rest and is separated in two parts in the two areas x * < L/2 and x * > L/2. In the both areas, the mixture proportion is 70% argon and 30% neon. In the first area, the total pressure is p * in = 5 × 10 4 Pa and the mixture temperature is T * in = 300 K; in the second area, the total pressure is p * out = 4 × 10 4 Pa and the mixture temperature is T * out = 300 K, 305 K, 310 K, 320 K, or 400 K. Due to the pressure and temperature gradients, the two gases flow through the microchannel. We have five simulations which are, respectively, denoted by Expt. 1, Expt. 2, Expt. 3, Expt. 4, and Expt. 5 (Tables II and III) .
In order to compare these DSMC simulation results with the asymptotic results, dimensionless variables are introduced with the characteristic quantities previously defined (1) at the channel exit are calculated by taking average values of p * a (x * , y * ) and p * b (x * , y * ) from about 20 cells with y * = 0 and x * between 19.9 µm and 20 µm. It remains to determine the mass flow rates of the two gas components through the channel. The code DS2V used in our simulations gives the number of molecules N * crossing the line x * = 10 µm per second. The average concentration of each mixture component θ near the channel section x * = 10 µm is obtained by taking θ = a and b) . In the last two columns, relative errors on the pressures p a (1) and p b (1) the average value of c * θ (x * , y * ) from about 50 cells centred on x * -axis and located in the interval [9.9 µm, 1.1 µm]. From this average concentration number, the molecular mass of the molecule θ, and the number N defined previously, it is easy to calculate the dimension mass flow rate
(1) are calculated for the five DSMC simulations; they are given in Tables II and  III. There is a large amount of statistical noise in DSMC calculations; 54, 55 therefore, these values are somewhat approximate. More specifically, relative errors in the initial values of the pressures are about 0.1. 60 Errors on the mass flow rates are much higher. This is due to the fact that the Mach number, on order of 10 2 , is small in the five simulations (Table II) . According to the paper of Hadjiconstantinou, 60 the error on the velocities is inversely proportional to the Mach number. As a result, the velocity error is approximately 100 times larger than the pressure error. From this remark, we can assume that the error of the mass flow rate is about 10%.
Associated with each simulation, Expt. 1 to Expt. which are used to solve the equation set (45) . The relative error of the pressure of argon is much greater than that of the pressure of neon. Is it a result of the argon concentration being greater than that of neon or that the molecular mass of argon is greater than that of neon? These questions are not fully understood and answered. Moreover, the sum of both relative errors of the two pressures is always around 14%. For Expt. 5, the results at exit of the microchannel are very disappointing. The relative errors on the pressures are 48% with argon and 73% for neon. In that case, it should be noted that the ratio (T * out − T * in )/T c = 100/300 = 0.33 is relatively large. This can be a cause of non-agreement between the DSMC simulation and asymptotic solution.
Other simulations were performed and have led to similar results. For example, let us consider five new DSMC simulations for the binary mixture of argon and neon, in the previous microchannel. As previously described, in the inlet chamber, we have p * in = 50 000 Pa and T * in = 300 K, and in the outlet chamber, p * out = 40 000 Pa and T * out = 300, 305, 310, 320, or 400 K. Additionally, we have the same linear temperature profiles on both walls and equal percentages for argon and neon at the beginning of each simulation. The relative errors
(1)| with θ = a and b have respective values 6%, 20%, 21%, 26%, 69% and 13%, 2%, 1%, 4%, 36% when the temperature of the mixture in the outlet chamber increases from 300 K to 400 K. It is noted that the previous remarks on the relative errors for experiments Expt. 1 to Expt. 5 can be repeated here. Now, we compare the pressure profiles along the microchannel's x-axis given by the DSMC simulation and the asymptotic model. Two sets of results are shown: first, with the wall temperature equal to a constant (Expt. 1) and second with the wall temperature increasing from 300 K to 320 K (Expt. (Figs. 7(a) and 7(b) ). For both experiments, the pressure profiles for neon are very close, in contrast to those for argon. The relative errors fluctuate and coarsely increase with the longitudinal abscisse, the error being much higher for argon compared with that for neon. Of course, near the channel outlet (x = 1), they agree to the values given in Table III . We note also the quasi-linear evolution of the pressures along the x-axis.
Finally, we give the velocity profiles along the channel axis, for gas a and 36% for gas b, and they have average values 5% for gas a and 18% for gas b. In the case of Expt. 4, the maximum values are 75% for gas a and 60% for gas b, and the average values are 67% for gas a and 44% for gas b. For Expt. 1, it can be concluded that the agreement is roughly correct; however for Expt. 4, the agreement is bad. Due to these fluctuations, the agreement between the two profiles, asymptotic and DSMC, is not very good. Only roughly increasing character of the DSMC profiles is consistent with the asymptotic models. In both experiments Expt. 1 and Expt. 4, the Mach numbers are weak being around 2 × 10 −2 . Other comparisons are planned to be performed with higher Mach numbers on the order of ε = 0.05, with the hope of seeing smaller velocity fluctuations.
VII. CONCLUSION
An asymptotic model has been presented for the flow of a thermal binary gas mixture in a microchannel. It is constructed from the Navier-Stokes-Fourier balance equations with first-order boundary conditions for the velocities and temperatures. The pressures and longitudinal velocities along the symmetry axis of the micro-channel are studied. The results are related to the influence of the mass flow rates, to the comparison between different species pairs, and to the influence of a temperature gradient along the microchannel walls.
Many results were obtained over a given range of data. For instance, for the isothermal Ar-Ne mixture in the proportions 70% and 30%, respectively, the mass flow rate of argon being fixed, it was shown that, for a fixed transverse section of the microchannel, when the mass flow rate of neon increases, the pressure of argon increases and the pressure of neon decreases. It was also shown that the slipping velocity on the walls of neon is less than that of argon.
In the case of isothermal flows of two monatomic gas mixtures, with the same flow rates and the same concentrations, it is shown that the pressure in the gas with the largest molecular mass is smaller than that with the smallest molecular mass. This could be explained by the remark that in a collision between two molecules, the lightest molecule has a larger change in its speed than the heaviest molecule. For slipping velocities on the walls, it is also shown that the velocity for the lightest gas is smaller than that for the heaviest gas.
In the case of non-isothermal flow mixtures of argon and neon, with the same flow rates and the same concentrations, the results were as follows: for a fixed transverse section of the microchannel, the pressure in the gas with the heaviest molecular mass decreases as the temperature gradient increases. On the contrary, the pressure in the lightest gas increases. These results are due to the boundary conditions on the walls. Same remarks can be made in the second study with the Ar-Ne mixture in the proportion 70% argon and 30% neon, and the nondimensionless flow rates equal to 1.60 and 0.60, respectively. On both walls that have a non-uniform temperature, the boundary conditions contribute to flow velocities proportional to the temperature gradient in addition to the slip velocities due to viscosity. This is the thermal creep well known in the case of a single rarefied gas. In the present paper, the slipping velocities of the two gases are due to the pressure gradients and the temperature gradient. Both effects are mixed. To study the thermal creep only, an asymptotic model without pressure gradients is planned.
Several comparisons between DSMC simulations and corresponding asymptotic solutions for Ar-Ne mixture were made. First, we were interested in pressure profiles along the x-axis. For concentrations of 70% argon and 30% neon, and a low temperature gradient along the walls, the two solutions are in fairly good agreement. With equal concentrations for both gases, the results are similar. It was noted that the agreement between the two solutions is better with the lightest gas. It was also noted that the results are disappointing with a large temperature gradient. Second, we were interested in velocity profiles. In the isothermal case, the agreement for the velocities of the two gases given by the DSMC simulation and asymptotic model is not too bad; we have not the same conclusion in the non-isothermal case with a temperature gradient of 20/300. Further studies are to be conducted.
Finally, it is important to note that obtaining an asymptotic solution is very fast (less than 1 s) compared to obtaining a DSMC result (several hours on a PC). In the future, we need to complete this study by comparing more flows based on DSMC simulations with the corresponding asymptotic solutions. The goal is to better understand the disagreements and to specify the domain of validity of the asymptotic model. In the case of polyatomic molecules, the asymptotic model presented in Refs. 55-57 will eventually be improved and then tested on various mixtures. 
NOMENCLATURE

APPENDIX A: BGK-TYPE EQUATIONS FOR BINARY MIXTURE OF POLYATOMIC GASES
Most real gases, under standard temperature conditions, satisfy with a very good approximation, the model of perfect gas with constant specific heats. The energy of such a gas is the sum of the energies of each molecule. The energy of a molecule is the sum of the translational kinetic energy of the molecule and different internal energy (see Landau and Lifchitz, Chap. 4 61 and Rahimi and Struchtrup 48 ). We introduce the temperature T of the gas defined from the translational energy.
Let us consider a polyatomic gas in thermal equilibrium, under standard conditions of temperature and pressure. The energy of a molecule is the sum of the translational and rotational energies, the other degrees of freedom are frozen. In relation to the equipartition principle of energy, it is established that c = kit/2 and c p = ( + 2)kit/2, where = 6 for a nonlinear molecule and = 5 for a linear molecule. 61 Hence,
The two kinetic equations (1) and (2) are assumed valid. In order to have the energy conservation for the mixture, the Morse formulas (5) and (6) for the temperatures must be modified. We propose the following expressions for the pseudo-temperatures T * a and T * b :
For monatomic gases, these new expressions are identical to those given in Eqs. (5) and (6) . In the balance energy equation (10) , only the expression of the coupling term needs to be changed. For the two gases a and b, they are 
It is easy to see that the coupling terms S E * a and S E * b have a zero sum for all gases.
APPENDIX B: PRINCIPLE OF LEAST DEGENERACY APPLIED TO EQS. (23)-(25)
We assume M θ = O(ε α ) and Kn θ = O(ε β ) with α ≥ β ≥ 0. It is easy to give, a priori, the different orders of magnitude of the terms that are present in Eqs. (23)- (25) . They are, respectively, ε 2α , ε 0 , ε α+β+1 , ε α+β−1 , and, ε α−β−1 , the last magnitude order corresponding to the right member of Eq. (23); ε 2α , ε −2 , ε α+β−1 , ε α+β+1 , and, ε α−β−1 , where the latter term corresponds to the right-hand side of Eq. (24); ε 0 , ε β−α+1 , ε β−α−1 , ε α+β+1 , ε α+β−1 , ε α+β+3 , and, ε −α−β−1 , ε α−β−1 , ε α−β+1 , where the last three orders of magnitude correspond to the right-hand side of Eq. (25) . Analysis of the magnitudes of the terms listed above shows that only the following orders of magnitude are, respectively, retained: ε 2α , ε 0 , ε α+β−1 , and ε α−β−1 in Eq. (23); ε −2 in Eq. (24); ε β−α−1 , ε α+β−1 , and ε −α−β−1 , ε α−β−1 in Eq. (25) .
Due to the principle of least degeneracy, 53 we must keep the greatest possible number of terms in Eqs. (23) and (25) . Retaining four terms in Eq. (23) is not possible. It is easy to see that there are four possibilities to select three terms in Eq. (23) . They are α = 0 and β = −1; α = −1 and β = 0; α = 0 and β = +1; α = 1 and β = 0. The first two options are not possible. The third possibility is to be rejected as Eqs. (23) and (25) are reduced to only coupling terms. The fourth possibility is feasible with α = 1 and β = 0.
APPENDIX C: A REMARK ON THE TEMPERATURES T a (x, y) AND T b (x, y)
In the first-order solution (Section IV), the two temperatures T a (x, y) and T b (x, y) are solutions of the two differential equations (36) and satisfy the boundary conditions (37) .
We recall that the quantities D a , D b , E a , and E b are positive quantities and do not depend on y. Now, we assume that T θ (x, y) takes values close to T (x). This means T θ (x, y) = T (x) (1 + t θ (x, y)) with t θ (x, y) very small compared to 1 (t θ (x, y) 1). Let us introduce t θ (x, y) in Eqs. (36) and (37 
The relation (C4) yields four different equations corresponding to the parameters (θ, η, ) equal to (a, +1, +1), (a, +1, 1), (b, 1, +1), and (b, 1, 1). We deduce two homogeneous linear systems of equations, of the one part for K and M, and on the other part for L and H, whose determinant is different of zero. First, the expression of F ab deduced from Eqs. (27) and (35) 
